Background. The role of ZEB1, a master epithelial-tomesenchymal transition gene, in malignant pleural mesothelioma (MPM) is unclear. Methods. The expression of ZEB1, E-cadherin, vimentin, and epithelial cell adhesion molecule (EpCAM) in 18 MPM cell lines and a normal pleural mesothelial cell line MeT-5A was determined by quantitative real-time polymerase chain reaction and Western blot testing. RNA interferencemediated transient and/or stable knockdown of ZEB1 and EpCAM was performed. Microarray expression analysis was performed with a TORAY-3D gene chip. Growth was evaluated by colorimetric proliferation and colony formation assays. Luciferase reporter assay was performed to access the effects of ZEB1 knockdown on EpCAM promoter activity.
and epithelial cell adhesion molecule (EpCAM) in 18 MPM cell lines and a normal pleural mesothelial cell line MeT-5A was determined by quantitative real-time polymerase chain reaction and Western blot testing. RNA interferencemediated transient and/or stable knockdown of ZEB1 and EpCAM was performed. Microarray expression analysis was performed with a TORAY-3D gene chip. Growth was evaluated by colorimetric proliferation and colony formation assays. Luciferase reporter assay was performed to access the effects of ZEB1 knockdown on EpCAM promoter activity.
Results. Most MPM cell lines exhibited mesenchymal phenotype and expressed ZEB1. Transient ZEB1 knockdown suppressed growth in all four cell lines studied (ACC-MESO-1, H2052, Y-MESO-8A, Y-MESO-29) while stable ZEB1 knockdown suppressed growth only in Y-MESO-29. Genome-wide gene expression analysis revealed that EpCAM was the most prominently up-regulated gene by both transient and stable ZEB1 knockdown in ACC-MESO-1, with more marked up-regulation in stable knockdown. We hypothesized that EpCAM up-regulation counteracts the stable ZEB1 knockdown-induced growth inhibition in ACC-MESO-1. Transient EpCAM knockdown suppressed growth dramatically in ACC-MESO-1 cells expressing shZEB1 but only modestly in those expressing shGFP, supporting our hypothesis. Luciferase reporter assay showed that ZEB1 knockdown resulted in increased EpCAM promoter activity. EpCAM was also up-regulated in Y-MESO-29 expressing shZEB1, but this EpCAM up-regulation did not counteract ZEB1knockdown-induced growth suppression, suggesting that the counteracting effects of EpCAM may be cellular context dependent. Conclusions. RNA interference-mediated ZEB1 knockdown may be a promising therapeutic strategy for MPM, but one has to consider the possibility of diminished growth inhibitory effects of long-term ZEB1 knockdown, possibly as a result of EpCAM up-regulation and/or other gene expression changes resulting from ZEB1 knockdown.
Malignant pleural mesothelioma (MPM) is a highly aggressive tumor arising from the mesothelium lining the pleural surface, mostly resulting from occupational exposure to asbestos fibers. 1, 2 The disease progresses rapidly and is highly resistant to current therapeutic modalities comprising chemotherapy, radiotherapy, and surgery, and therefore the overall survival is extremely poor, with the median survival being 9 to 17 months. 2 Two thousand to 3000 new MPM cases occur yearly in the United States, and the incidence of this disease is predicted to continue rising for the next two decades. Thus, it is imperative to develop novel therapeutics for MPM that target the molecules commonly altered in MPM.
Malignant cells of epithelial origin often lose their epithelial phenotype and acquire fibroblastic characteristics during disease progression. 3 This process is referred to as the epithelial-to-mesenchymal transition (EMT). EMT was originally discovered as an embryonic developmental program involving drastic changes in cell morphology as well as expression of EMT-associated genes. EMT occurs during the progression of several types of human epithelial cancers and confers motility and invasiveness on the cells, leading them to acquire the ability to metastasize to distant sites. MPM originates in normal pleural mesothelial cells, which derive from mesodermal (mesenchymal) cells, and one could hypothesize that the mesodermal origin of MPM contributes to its aggressive behavior. 4 In support of this hypothesis, MPM tumors often show epithelial histological features, which correlates with a favorable patient prognosis. 1 Several master EMT regulator genes encoding transcription factors, including Twist, Snail, Slug, ZEB1, SIP, and Goosecoid, have been identified, and their roles in epithelial cancers have been demonstrated. 5 Among them, ZEB1 is increasingly considered to be a key player in the progression of epithelial cancers. ZEB1 promotes tumor metastasis in colon and breast cancer and enhances transendothelial migration in prostate cancer cells. 6 In addition, we recently showed that transient knockdown of ZEB1 in lung cancer greatly suppresses anchorage-independent growth of lung cancer cells. 7 With this background, we aimed to study the role of ZEB1 in the pathogenesis of MPM. To this end, we performed transient and stable knockdown of ZEB1 and evaluated its effects on the growth of MPM. Eighteen MPM cell lines (H28, H290, H2052,  H2373, H2452, Y-MESO-8A, Y-MESO-8D, Y-MESO-9,  Y-MESO-12, Y-MESO-14, Y-MESO-21, Y-MESO-22,  Y-MESO-25, Y-MESO-26B, Y-MESO-29, MASTO-211H, ACC-MESO-1, ACC-MESO-4) and one lung cancer cell line (H1299) used in this study were purchased from American Type Culture Collection (ATCC, Manassas, VA) or obtained from the Aichi Cancer Center or University of Texas Southwestern Medical Center collections. 8 These cells were cultured with RPMI 1640 (Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum. The nontumorigenic mesothelial cell line MeT-5A, which was established by introduction of SV40 large T antigen into normal epithelial cells, was purchased from ATCC and used as a normal control line. 9 MeT-5A cells were cultured in Medium 199 with Earle's BSS, 0.75 mM L-glutamine, and 1.25 g/L sodium bicarbonate supplemented with 3.3 nM epidermal growth factor, 400 nM hydrocortisone, 870 nM insulin 20 mM HEPES, and 10% fetal bovine serum.
MATERIALS AND METHODS

Cell Lines and Tissue Culture
RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction Analysis
Five micrograms of total RNA isolated with Trizol (Invitrogen, Carlsbad, CA) were reverse transcribed with a Superscript III First-Strand Synthesis System with a Random primer system (Invitrogen). Quantitative real-time polymerase chain reaction (qRT-PCR) of E-cadherin, vimentin, ZEB1, and EpCAM was performed as described previously with the standard TaqMan assay-on-demand PCR protocol in a reaction volume of 20 lL, including 1 lL cDNA (10) . We used the comparative C t method to compute relative expression values. We used GAPDH (Applied Biosystems assay-on-demand) as an internal control.
Western Blot Analysis
Western blot analysis was performed as described previously with whole cell lysates. 10 Primary antibodies used were mouse monoclonal anti-E-cadherin, anti-vimentin (BD Bioscience, Franklin Lakes, NJ), goat polyclonal anti-ZEB1 (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal anti-cleaved caspase 3 (Cell Signaling Technology, Danvers, MA), mouse monoclonal anti-EpCAM (Thermo Fisher Scientific, Waltham, MA) and mouse monoclonal anti-actin (Sigma) antibodies. Actin protein was used as a control for adequacy of equal protein loading. Anti-rabbit, anti-mouse (GE Healthcare, Buckinghamshire, England), or anti-goat antibody (R&D Systems, Minneapolis, MN) was used at a 1:2000 dilution as a secondary antibody.
Transfection of Short Interfering RNA Cells (4.5 9 10 5 ) were plated in six-well plates. The next day, the cells were transiently transfected with either 10 nM predesigned short interfering RNA (siRNA) (Stealth Select RNAi) targeting ZEB1, EpCAM, or a control siRNA purchased from Invitrogen with Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's protocol.
After 48 h, the transfected cells were collected for further analyses or plated for cell growth assays.
Transfection of shRNA Expressing Retroviral Vectors pSUPER.retro.ZEB1 and pSUPER.retro.GFP control vectors were kindly provided by Dr. Thomas Brabletz.
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Virus-containing medium was produced as described previously. 10 Target cells were transduced by retroviruscontaining medium and then underwent drug selection with puromycin for 3 to 5 days.
Cell Growth Assay
A colorimetric proliferation assay was performed with a WST-1 assay kit (Roche, Basel, Switzerland) according to the manufacturer's instructions. Liquid and soft agar colony formation assays were done as described previously. 10 
Cell Cycle Analysis
Cells were collected 48 h after the transfection of siRNA oligos. Cells were fixed in 70% ethanol, treated with RNase A, stained with propidium iodide with a BD Cycletest Plus Reagent Kit (BD Bioscience) according to the instructions of the manufacturer, and analyzed by flow cytometry for DNA synthesis and cell cycle status (FACSCalibur cell sorter, Becton Dickinson) with BD CellQuest Pro version 5.2.1 (BD Bioscience).
Microarray Expression Analysis
For DNA microarray analysis, a 3D-Gene Human Oligo chip 25 k (Toray Industries, Tokyo, Japan) was used (25,370 distinct genes). Additional details of microarray analysis are described in the Supplemental Information.
Senescence-Associated b-Galactosidase Staining
Cells were stained with b-galactosidase with a Senescence b-Galactosidase Staining Kit (Cell Signaling Technology), and cells stained blue were counted under a microscope (9200 total magnification).
Immunohistochemistry
Surgically resected 15 primary MPM tumor and four normal parietal pleura samples were obtained from patients at Nagoya University Hospital. Before tissue samples were collected ethical approval and fully informed written consent from all patients were obtained. Immunohistochemistry of ZEB1 was performed using standard techniques with some modifications. Additional details of immunohistochemistry analysis are described in Supporting Information.
Luciferase Reporter Assay
Cells were transfected with ZEB1 or control siRNA oligos. Next day, the transfected cells were replated in 96-well plates and then transfected with TACSTD1 (EpCAM)-PROM firefly luciferase vector (Switchgear) containing entire promoter region of EpCAM or pGL4.11 control vector (Promega) and phRL-TK renilla luciferase vector. Forty-eight hours after transfection, reporter gene activities were determined by a luminometer with Dual-Luciferase reporter assay system (Promega). Reporter activity was normalized by calculating the ratio of firefly/renilla values.
Statistical Analysis
SPSS version 18 software (SPSS, Chicago, IL) was used for all statistical analyses in this study. The Mann-Whitney U-test was used for analyzing differences between two groups.
RESULTS
The majority of MPM cell lines exhibit mesenchymal phenotype (low E-cadherin/high vimentin) and express ZEB1
We performed qRT-PCR and Western blot testing of ZEB1, vimentin (a mesenchymal marker), E-cadherin (an epithelial marker), and epithelial cell adhesion molecule (EpCAM) for 18 MPM cell lines and MeT-5A, a nontumorigenic mesothelial cell line, used as a normal control. The majority of MPM lines expressed undetectable to very low levels of E-cadherin and high levels of vimentin, which probably reflects the mesodermal origin of MPM (Fig. 1a) . ZEB1 directly inhibits E-cadherin expression, and an inverse correlation between their expressions has been shown in several different types of human cancers. 7, 12 However, we did not see a correlation between E-cadherin and ZEB1 expression (Fig. 1a, b) . Only two cell lines (Y-MESO-12, Y-MESO-29) expressed detectable levels of EpCAM protein (Fig. 1c) .
Transient ZEB1 Knockdown Induces Re-expression of E-cadherin in ACC-MESO-1 but Not in H2052
To see whether ZEB1 expression plays a role in inhibiting E-cadherin expression in MPM cells, we performed transient knockdown of ZEB1 using prevalidated synthesized siRNA oligos (Invitrogen) in two mesothelioma lines, ACC-MESO-1 and H2052, which express high and moderate levels of ZEB1 mRNA, respectively (Fig. 1b) . The two cell lines were transiently transfected with each of the three ZEB1 siRNA or control oligos and collected 48 h after transfection for protein expression analyses. Western blot testing of ZEB1 showed that clear suppression of ZEB1 protein by all three siRNA oligos was obtained in the two lines (Fig. 2a) . After the ZEB1 knockdown, E-cadherin protein was re-expressed in ACC-MESO-1 but not in H2052. A previous study reported that the promoter region of E-cadherin is heavily methylated in H2052 cells, which results in silenced E-cadherin expression in the cells. 13 Thus, it is likely that the loss of ZEB1 expression was unable to overcome this methylation-mediated gene silencing in H2052 cells. Vimentin expression did not change in either of the lines (Fig. 2a) . We did not observe marked morphological changes in either of the cell lines after the transient ZEB1 knockdown.
Transient ZEB1 Knockdown Induces Suppression of Proliferation, Anchorage-Dependent, and Anchorage-Independent Clonal Growth in MPM Cells
To test the effects of ZEB1 knockdown on cell proliferation in mass culture, we did colorimetric growth assays. Two days after the transfection of ZEB1 siRNA oligos, ACC-MESO-1 and H2052 cells were plated for growth assays. ZEB1 knockdown suppressed proliferation in the two cell lines compared to control cells (Fig. 2b) . To examine the effect of ZEB1 knockdown on the clonogenic growth of MPM cells in anchorage-dependent and -independent conditions, we performed liquid and soft agar colony formation assays, respectively. In both assays, ZEB1 knockdown dramatically suppressed colony formation in the two cell lines (Fig. 2c, d ). To evaluate cell death rate due to ''off-target'' effects in cells transfected with control siRNA, we included cells transfected with transfection reagent only in the proliferation and liquid colony formation experiments and we did not see statistically significant differences in cell death rates between these two treatment groups (data not shown), indicating that cell death rates due to ''off-target'' effects in the controls were very low. To see whether such dramatic growth inhibitory effects of transient ZEB1 knockdown are also seen in MPM cell lines that express ZEB1 at low levels, we did transient ZEB1 knockdown for Y-MESO-8A and Y-MESO-29, which express ZEB1 mRNA at very low levels (ZEB1 protein was not detectable) (Fig. 1b) . Efficient ZEB1 knockdown in these cell lines was confirmed by qRT-PCR (Fig. 2e) . The knockdown dramatically suppressed their liquid colony formation (Fig. 2f) , suggesting that low levels of ZEB1 expression also have roles in the growth of MPM cells. In addition, we performed ZEB1 knockdown in MeT-5A cells. ZEB1 knockdown suppressed proliferation of MeT-5A to *50% while the knockdown only marginally suppressed its liquid colony formation (Fig. 2g) , suggesting that MPM cell lines are more dependent on their To explore the mechanism underlying the growth inhibition by ZEB1 knockdown in the MPM cell lines we performed apoptosis, cell cycle, and senescence analyses in ACC-MESO-1 and H2052. However, we did not see any differences between ZEB1 knockdown and control cells in any of the assays (data not shown). To gain insights into underlying mechanisms of growth inhibition by transient ZEB1 knockdown we performed genome-wide gene expression analysis for ACC-MESO-1 cells transfected with ZEB1 or control siRNA oligos. Genes more than 4-fold up-and down-regulated are shown in Tables 1 and  2 , respectively. Several genes known to have oncogenic roles were down-regulated by more than 2-fold in ZEB1 knockdown cells compared to control, including KRAS, Interleukin 6, b-catenin, cyclin E, and caveolin 1. Conversely, PTEN, a well-known tumor suppressor gene was up-regulated by more than 2-fold in ZEB1 knockdown cells. 6 These expression changes may contribute to growth inhibitory effects of ZEB1 knockdown. (Fig. 3a) . Stable ZEB1 knockdown caused ACC-MESO-1 to undergo morphological changes suggestive of a mesenchymal-to-epithelial (MET) transition; ACC-MESO-1 cells changed their morphology from an elongated spindle-like (fibroblastic) shape with a scattered growth pattern to a rounded epithelial-like shape with a cobblestone-like growth pattern (Fig. 3b) . These morphological changes together with the E-cadherin re-expression after ZEB1 knockdown suggest that ZEB1 expression contributes to maintaining the mesenchymal phenotype in ACC-MESO-1. MET-like morphological changes were not seen in other cell lines after stable ZEB1 knockdown.
Stable Knockdown of ZEB1 Induces Morphological
Stable ZEB1 Knockdown Shows Only Modest Growth Suppression in MPM Cells
To evaluate the effects of stable ZEB1 knockdown on the growth of MPM cells, we performed WST-1 proliferation and liquid and soft agar colony formation assays on ACC-MESO-1 and H2052 cells expressing shZEB1 or shGFP. WST-1 and liquid colony formation assays showed no or only a slight difference between shZEB1 and shGFPexpressing cells in the cell lines (Fig. 3c, d ). Soft agar colony formation assays showed that the stable ZEB1 knockdown suppressed colony formation in ACC-MESO-1 but not in H2052 cells (Fig. 3e) . We also performed liquid colony formation assay for ZEB1 low-expressing cells (ACC-MESO-8A, ACC-MESO-29). Stable ZEB1 knockdown suppressed liquid colony formation to *80% in ACC-MESO-8A and to *30% in ACC-MESO-29 compared to controls (Fig. 3f) . These results indicate that stable ZEB1 knockdown suppressed growth of MPM cells to a lesser extent compared to transient ZEB1 knockdown, suggesting that other factors may diminish growth inhibitory effects of ZEB1 knockdown in these cells.
Diminished growth inhibition of stable ZEB1 knockdown in ACC-MESO-1 cells is in part attributed to up-regulation of EpCAM resulting from ZEB1 knockdown
To explore genes that may contribute to diminished growth inhibitory effects of stable ZEB1 knockdown we performed genome-wide gene expression analysis of stable ZEB1 knockdown ACC-MESO-1 cells and compared its results with those of transient ZEB1 knockdown cells (Tables 1 and 2 ). Of note, EpCAM was the most prominently up-regulated genes in both transient and stable ZEB1 knockdown experiments, with more marked up-regulation in stable knockdown (6.6 times more up-regulated in stable knockdown than in transient knockdown). Oncogenic roles of EpCAM are well-demonstrated by several groups including us. [17] [18] [19] Thus, we hypothesized that this marked EpCAM up-regulation by stable ZEB1 knockdown may in part contribute to the diminished growth inhibition by stable ZEB1 knockdown in ACC-MESO-1 cells. To test this hypothesis, we examined whether EpCAM knockdown inhibits growth of shZEB1-expressing ACC-MESO-1. EpCAM knockdown dramatically suppressed liquid colony formation in shZEB1-expressing ACC-MESO-1 cells but only modestly suppressed in those expressing shGFP (Fig. 4) . These results suggest that EpCAM up-regulation induced by stable ZEB1 knockdown may in part account for the diminished growth inhibitory effects of stable ZEB1 knockdown in ACC-MESO-1 cells. Nevertheless, this finding was not generalized to other cell lines. Y-MESO-8A, which also showed no growth suppression by stable ZEB1 knockdown (Fig. 3f) , did not up-regulate EpCAM expression after stable ZEB1 knockdown (Fig. 3a) . In addition, Y-MESO-29 showed growth suppression by stable ZEB1 knockdown (Fig. 3f) although it showed EpCAM up-regulation by stable ZEB1 knockdown (Fig. 3a) . These suggest that the counteracting effects of EpCAM may be cellular context-dependent and that other gene expression changes resulting from ZEB1 knockdown may also contribute to the diminished growth inhibition.
ZEB1 Suppresses EpCAM Expression through Repressing EpCAM Promoter Activity
To see whether ZEB1 knockdown-induced EpCAM up-regulation results from induction of promoter activity, we performed luciferase reporter assay. We used H1299 lung cancer cell line because it can be easily transfected with plasmid DNA. H1299 cells were transfected with ZEB1 or control siRNA oligos, and then transfected with EpCAM promoter containing luciferase vector or promoterless control vector (pGL4.11) and phRL-TK vector. EpCAM transcription activity was higher in H1299 cells transfected with ZEB1 siRNA oligos than in those transfected with control siRNA oligos, demonstrating that ZEB1 knockdown-induced EpCAM up-regulation results from induction of promoter activity (Fig. 5 ).
ZEB1 Protein Is Expressed in a Substantial Fraction of Human MPM Tissue Sections
We analyzed ZEB1 protein expression in 15 clinical MPM samples as well as four normal parietal pleural samples by immunohistochemistry. The analysis revealed that nine (60%) of the 15 MPMs showed nuclear and/or cytoplasmic ZEB1 expression while none of the four normal parietal pleural samples showed detectable levels of ZEB1 protein (Fig. 6) , suggesting the relevant role of ZEB1 in human MPM.
DISCUSSION
In the present study we showed that the majority of MPM cell lines express ZEB1, and that the transient knockdown of ZEB1 expression with RNA interference in four MPM cell lines dramatically suppressed their in vitro growth. However, stable ZEB1 knockdown showed less growth inhibitory effects in these MPM cell lines. Gene expression analysis revealed that numerous genes were differentially expressed between transient and stable ZEB1 knockdown in ACC-MESO-1 cells, including known oncogene EpCAM. EpCAM knockdown more significantly inhibited growth in ACC-MESO-1 cells expressing shZEB1 than in those expressing shGFP, suggesting that EpCAM is shown to be down-regulated by ZEB1 in breast cancer. 20 We further confirmed this finding in MPM cells. Furthermore, during preparation of this article, Gemmill et al. performed genome-wide expression analysis of lung cancer cell lines and identified EpCAM as the gene whose expression most significantly negatively correlates with ZEB1 expression in non-small cell lung cancer cell lines. 21 These findings suggest that EpCAM is a universal target of ZEB1, leading us to perform luciferase reporter assay to access the effects of ZEB1 knockdown on EpCAM promoter activity. We found that EpCAM promoter activity was increased by ZEB1 knockdown in H1299 cells, indicating that ZEB1 negatively regulates EpCAM expression by suppressing its promoter activity.
The dramatic growth inhibition by a transient ZEB1 knockdown in MPM cell lines suggests that a ZEB1-targeted therapy for MPM is promising. Nevertheless, we found that stable ZEB1 did not greatly suppress growth of MPM cells, in part as a result of EpCAM up-regulation. Thus, development of a therapeutic strategy that target ZEB1 must take into account the possibility that gene expression changes resulting from ZEB1 knockdown may counteract a ZEB1-targeted therapy. There are a few possible approaches to address this issue. One approach is to employ not a long-term but a short-term knockdown of ZEB1 because the transient ZEB1 knockdown suppressed growth of MPM cells. However, we observed that the transient ZEB1 knockdown also up-regulates EpCAM, raising the question of why the growth inhibitory effect of a transient ZEB1 knockdown was not affected by EpCAM up-regulation. We speculate that MPM cells may require a certain time period to switch their growth dependency from ZEB1 to EpCAM, and therefore transient EpCAM up-regulation does not greatly affect the growth inhibitory effects of the ZEB1 knockdown. Another approach is to target ZEB1 and EpCAM simultaneously on the basis of our finding that EpCAM knockdown efficiently suppresses growth in MPM cells where ZEB1 is stably suppressed.
Finally, targeting both ZEB1 and ZEB2, another member of the ZEB family genes, seems to be a promising therapeutic strategy for MPM because Gemmill et al. demonstrated that combinatorial knockdown of ZEB1 and ZEB2 more significantly reversed mesenchymal to epithelial phenotypes than either alone in lung cancer cells. 21 In summary, our results showed that a transient ZEB1 knockdown suppressed growth of MPM cells, suggesting that it may serve as a promising therapeutic target. However, we also found that the growth suppressive effects of ZEB1 were reduced in a stable knockdown setting, which may be caused by EpCAM up-regulation and/or other gene expression changes. 
